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Abstract
Nonionic low-osmolar contrast agents are thought about safe for intravenous or intra-arterial administration. Iopamidol is one of contrast agents used for diagnostic clinical computed tomography (CT) protocols last four decade years. 
The molecular structure of Iopamidol was calculated by the B3LYP density functional model with LANL2DZ basis set by Gaussian program. The natural bond orbital analysis in terms of the hybridization of atoms and the electronic structure of the title molecule have been analyzed by using the data obtained from the quantum chemical the results.  First order hyperpolarizability (βtot), the dipole moment (µ) and polarizability (α) and anisotropic polarizability (∆α) of the molecule have been reported. The stability of the Iopamidol contrast agent with the hyper conjugative interactions, charge delocalization has been analyzed using natural bond orbital analysis.  
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1. Introduction
Iodinated X-ray contrast agents (ICM) are often used to enable the medical imaging of soft tissues like organs and blood vessels.1 The nonionic, water soluble, low-osmolar contrast agents such as Iopamidol, are widely used for intravascular administration.2,3 It has very wide diagnostic applications, including central nervous system, the cardiovascular apparatus, and the urinary tract.4 Iopamidol, clinically approved X-Ray contrast agent, exhibits high water solubility and low toxicity.4, 5 For this reason it can be safely administered intravenously at very high doses like 400 mg/ml.4 This contrast agent eliminated through the kidneys with a half-life of 2 hours.2
Molecule of Iopamidol contains a high number of mobile protons on amide and alcohol moiety exchanging with water. This contributes to a reduction in the MR signal density of the water proton. So, Iopamidol commonly used for CT, may be also considered as a contrast agent for Magnetic resonance imaging (MRI) applications.4 
The geometry, dipole moment, polarizability, hyperpolarizability and other molecular properties can be affected by the polarity of the solvent due to variable interactions with the highest occupied and lowest unoccupied molecular orbitals (HOMO-LUMO)6, 7 and so the polarity of the solvent can influence the stability and reactivity of the molecule.8 They can be obtained by quantum chemical calculation without laboratory measurements, thus saving time and equipment, reducing safety and disposal concerns.9 So, investigation of the theoretical properties of the molecules has recently attracted the attention of scientists and quantum chemical calculation has been widely used to study reaction mechanism.9
The Density Functional Theory (DFT) calculations eventually lead to a good understanding of molecular properties and a detail of the molecular characteristics and interactions.8 Thermodynamic properties such as enthalpy, entropy, and Gibbs free energy are important to understand the stability of molecule at different temperatures and pressures, which can be easily explained using DFT with the Gaussian 03 program.10, 11
This work presents the quantum chemical studies of the effects of solvents on molecular properties of Iopamidol such as the highest occupied molecular orbital energy (EHOMO), the lowest unoccupied molecular orbital energy (ELUMO), energy gap (E), electronegativity (), electron affinity (A), global hardness (), softness (S), ionization potential (I), the fraction of electrons transferred and the total energy (ΔNmax), nucleofugality (En) electrofugality (Ee). These molecular properties of Iopamidol were computed by the B3LYP density functional model with LANL2DZ basis set by Gaussian program in the gas phase and in solvents (chloroform, acetic acid, ethanol, DMF, DMSO and water).
 

2. Theory and Computational Details
DFT (density functional theory) methods having become very popular in recent years were used in this study. The fundamental base of DFT is the using of electronic density instead of wave function for calculating the energy constitutes. All calculations were done by GAUSSIAN 09W software package12, using the B3LYP functional9 and the LANL2DZ basis set13. The B3LYP, a version of DFT method, uses Becke’s three-parameter functional (B3) and includes a mixture of HF with DFT exchange terms associated with the gradient corrected correlation functional of Lee, Yang, and Parr(LYP)9. The geometry of Iopamidol contrast agent under investigation was determined by optimizing all the geometrical variables without any symmetry constraints.

3. Results and Discussion
In case of electronic response, the main effects caused by the solvent medium14 (i) change of wave function due to change in structure perturbing environment, (ii) change of geometric structure (iii) change of response properties, and (iv) altering the dynamics of the excitation processes.
Optimised structure, the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) and electron density of Iopamidol in the gas phase calculated at the DFT/B3LYP level with the LANL2DZ basis set was given in Figure 1. As seen from the Figure 1, HOMO and LUMO are formed from mainly benzene ring and iodine group attached to benzene ring.
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Figure 1: Optimized Structure, HOMO, LUMO and electron density of Iopamidol

A large EHOMO - ELUMO gap means high kinetic stability and low chemical reactivity due to energetically unfavorable to add electrons to a high-lying LUMO. Meanwhile, a molecule with a small EHOMO - ELUMO gap is more polarizable, is generally associated with a high chemical reactivity-low kinetic stability and is termed as soft molecule.15 The solvent medium changes the properties of solvated molecules and sometimes significantly affects the dynamics of the processes. Ten molecular orbital energy near to EHOMO and ELUMO to study the photo-physics and kinetic stability of Iopamidol compounds were shown in Figure 2 in different phases such as gas, chloroform, acetic acid, ethanol, DMF, DMSO and water. EHOMO and five molecular orbital energy near HOMO of Iopamidol for -6.80, -6.85, -6.95, -6.98, -7.10, -7.16 eV. ELUMO and five molecular orbital energy near LUMO of Iopamidol for gas phase are -2.19, -1.51, -1.46, -1.12, -0.95, -0.41 eV.


Figure 2: Frontier orbital energies for Iopamidol

The highest occupied molecular orbital (HOMO) which is the outermost orbital filled by electrons and the lowest unoccupied molecular orbital (LUMO) representing the first empty inner most orbital unfilled by electrons called frontier orbitals are the main orbitals taking part in a chemical reaction.16 
The HOMO-LUMO energy band gap is a very important parameter for determination of molecular electrical properties and indication of molecular chemical stability. The quantum molecular descriptors such as ionization potential, electron affinity, chemical reactivity, kinetic stability, polarizability, chemical hardness and softness, and electronegativity, electrofugality, nucleofugality can be calculated by using the gap between EHOMO and ELUMO. 
EHOMO and ELUMO values and EHOMO and ELUMO band gap values, computed with the B3LYP / LANL2DZ level, and additionally, chemical potential, electron affinity, electronegativity chemical hardness, softness and electrophilicity, electrofugality, nucleofugality index parameters, found using the computed HOMO and LUMO energy values, were summarized in Table 1.

Table 1. Parameters related with EHOMO and ELUMO.
	 
	EHOMO
	ELUMO
	E
	
	S
	 
	
	ω
	ΔNmax
	En
	Ee

	Gas
	-6.80
	-2.19
	4.62
	2.31
	0.22
	4.50
	-4.50
	4.38
	1.95
	1.04
	10.03

	Chloroform
	-7.01
	-2.26
	4.75
	2.37
	0.21
	4.64
	-4.64
	4.53
	1.95
	1.08
	10.35

	Acetic acid
	-7.02
	-2.27
	4.75
	2.38
	0.21
	4.65
	-4.65
	4.54
	1.95
	1.08
	10.37

	Ethanol
	-7.06
	-2.28
	4.77
	2.39
	0.21
	4.67
	-4.67
	4.57
	1.96
	1.09
	10.43

	DMF
	-7.06
	-2.28
	4.78
	2.39
	0.21
	4.67
	-4.67
	4.57
	1.96
	1.09
	10.43

	DMSO
	-7.06
	-2.28
	4.78
	2.39
	0.21
	4.67
	-4.67
	4.57
	1.96
	1.09
	10.44

	Water
	-7.06
	-2.29
	4.78
	2.39
	0.21
	4.67
	-4.67
	4.57
	1.96
	1.09
	10.44



The highest HOMO value of -6.80 eV was found in gas phase followed by -7.01, -7.02, -7.06, -7.06, -7.06, -7.06 in chloroform, acetic acid, ethanol, DMF, DMSO and water phases indicate that the molecule will be best electron donor in gas phase. So, it was observed that the negative value of the HOMO increased with the increase of dielectric constants of the solvents. The lowest LUMO energy of -2.29 eV was found to be in water indicating that the molecule will be the best accept electron in water compare to gas phase and other solvents. The largest HOMO-LUMO gap of 4.78 eV was found in water solvent which implies higher kinetic stability and less chemical reactivity18 followed by 4.78 eV and the other studied solvents and found 4.62 eV in gas phase.
The electronic chemical potential as seen Equation 1 is defined as the energy changes of the system with respect to the electron number N at a fixed external potential v(r), i.e., the potential created by the nuclei.18, 19 The electronic chemical potential is associated with the feasibility of a system to exchange electron density with the environment at the ground state.

                            (1)

When the the finite difference approximation is used the following simple expression is obtained:

                              (2)

Where, I is the ionisation potential and A is the electron affinity of an atom or molecule. The ionisation potential and the electron affinity can be approached by the frontier HOMO and LUMO energies as by EHOMO and as by ELUMO according to Koopmans theorem20 and Kohn–Sham formalism21 within the DFT, as a result the electronic chemical potential can be expressed as:

                  (3)

Accordingly, the electronic chemical potential allows the establishment of the flux direction of the Global Electron Density Transfer22 along in a polar reaction. Likewise, in a polar reaction having two molecules, such as A and B, with uA < uB, the electron density flux will occur from molecule B, which has the higher, towards molecule A, which has the lower. So, in such reaction A will act as the electron-acceptor, whereas, B will act as the electron-donor, i.e., the nucleophile. The larger electronic chemical potential difference means global Electron Density Transfer present a low polar character. Iopamidol molecule in solvent act as more electron acceptor molecule than in gas phase. The chemical potential of the molecule was found to be increased as the dielectric constants of the solvents increased from gas phase. The chemical potentials of the Iopamidol in chloroform, acetic acid, ethanol, DMF, DMSO, water are -4.64, -4.65, -4.67, -4.67, -4.67, -4.67 eV, respectively. 
Pearson proposed the hard and soft acids and bases (HSAB) principle in an acid/base reaction.
In 1963, Pearson established a classification of Lewis acids and bases into hard and soft.23-25 Within the conceptual DFT, Parr defined, in 1983, a quantitative expression for the chemical hardness, which can be expressed as the changes of the electronic chemical potential of the system with respect to the electron number N at a fixed external potential v(r)18:

        (4)

A resistance of a molecule to exchange electron density with the environment is defined as the chemical hardness and when the finite difference approximation is applied, the following simple expression is obtained:
                             (5)

With the substitution of I by EHOMO and A by ELUMO can be expressed as:

                  (6)

Also the chemical hardness, chemical potential of the molecule was found to be increased, the chemical softness the of the molecule was found to be decreased as the dielectric constants of the solvents increased from gas phase to water and was confirmed to decrease as the dielectric constant of the solvents increased from ethanol to water. 
According to Parr and co-workers, global molecular electrophilicity (ωmol) and global molecular nucleophilicity (ɛmol) index were defined and they were calculated based on molecular hardness and molecular electronegativity of the studied compounds with the help of the following equations, respectively.

                                      (7)

Electrophilicity index measures the property of a molecule to accept electrons. Nucleophile molecule is characterized by a lower value of μ, ω; and conversely electrophile molecule is characterized by a high value of μ, ω. Organic molecules having value more than 1.5 is classified as strong electrophiles, the value between 0.8 and 1.5 eV is classified as moderate electrophiles, smaller than 0.8 eV is said as marginal electrophiles.26 Terrier classified high reactivity of the species that he studied as super electrophiles.27 So, electrophilicity index of Iopamidol in gas phase and different solvents more than 1.5 eV is classified as super electrophilic. Electrophilicity index of Iopamidol increases with the increase of dielectric constant of the solvent. 
The maximum number of electrons that an electrophile can obtain is given by the following formula:28

                           (8)

The maximum charge transfer that is completely determined by the electronic chemical potential of the molecule measures the stabilization in energy when the system acquires an additional electronic charge (N) from the environment.29-31 The maximum charge transfer Nmax to the electrophile means the ability of the system to obtain additional electronic charge from the medium defining the charge capacity of the molecule.
The maximum amount of electronic charge (ΔNmax) can define the donor and acceptor electron charge of molecules. The ΔNmax <0 indicates the molecule acts as an electron donor.32 In gas and solvent phase, Iopamidol are electron acceptors and can have significant power of electron affinity. The ΔNmax index of Iopamidol increases as follow: gas < chloroform < acetic acid < ethanol =DMF =DMSO < water at the B3LYP/ LANL2DZ basis set. In according with these results, it can be easily predicted that Iopamidol has the biggest ΔNmax in water for the studied solvents. 
Ayers and co-workers33, 34 have proposed nucleophilic and electrophilic capabilities of a leaving group as nucleofugality (ΔEn) and electrofugality (ΔEe) and defined as follows:

           (9)
              (10)

Electrofugality values of Iopamidol in gas chloroform, acetic acid, ethanol, DMF, DMSO and water are 10.03, 10.35, 10.37, 10.43, 10.43, 10.44, 10.44, respectively. As seen from the result electrophilic capabilities of a leaving group for Iopamidol is the highest in water phase.
Electric dipole polarizability which is a measure of the linear response of an infinitesimal electric field (F) and represents second-order variation energy is an important property used in determining the polarizability of a molecule or compound.35

                         (11)

Where, the quantities are the principal values of polarizability tensor. Polarizability (α) which is the measure of distortion of a molecule in an electric field, the anisotropy of the polarizability <Δα> and Kappa were calculated using the following equation, respectively:

        (12)


 (13)


              (14)

In unsubstitued aromatic molecules the π electrons in a direction perpendicular to the plane do not contribute to the polarizability in a direction perpendicular to the plane, only sigma bonds in the vertical direction contribute to the polarization of the molecules. Since the anisotropy j becomes zero for the spherical symmetric charge distribution, it gives a measure of the spherical symmetry deviations. The calculated polarizability <α>, the anisotropy of the polarizability <Δα> and Kappa for Iopamidol molecules are listed in Table 2.

Table 2. Polarizability (〈α〉), anisotropic polarizability (∆α), Kappa () of the optimized Iopamidol molecule in the gas phase and different solvents.
	Polarisibility
	Gas
	Chloroform
	Acetic acid
	Ethanol
	DMF
	DMSO
	Water

	<a> (au)
	296
	365
	371
	386
	387
	388
	389

	(<Δα> (esu) 10-24
	21.77
	25.64
	25.95
	26.69
	26.78
	26.82
	26.88

	
	0.02646
	0.02341
	0.02315
	0.02254
	0.02247
	0.02244
	0.0224



The variation of <α> are in the atomic units and <Δα> in esu (x10-24) for Iopamidol molecule are given. The result shows that the lowest polarizability and anisotropic polarizability values obtained were 296 au and 21.77x10-24 esu in gas phase. It was observed that polarizability and anisotropic polarizability increases with an increase in the polarity of the solvents while the kappa decreases as the polarity of the solvents increases.



                 (15)        
   
  					
    
   					

The ,  and  refer to the components of hyperpolarizability along x, y and z components of molecular dipole moment.
It can be seen from Table 3, the calculated β values of Iopamidol using B3LYP/ LANL2DZ level (the β of Iopamidol for gas, chloroform, acetic acid, ethanol, DMF, DMSO, water) are 1.48x10-30 esu., 2.55x10-30 esu., 2.69x10-30 esu., 1.87x10-30 esu., 3.04x10-30 esu., 3.06x10-30 esu., 2.94x10-30 esu., respectively. The first polarizability values obtained using B3LYP/LANL2DZ level for Iopamidol are the largest value in DMSO and the lowest value in gas phase.

Table 3. β×10−30 (esu), βx, βy, βz, in (a.u.) components and values calculated using DFT levels of theory for Iopamidol.
	
	Gas
	Chloroform
	Acetic Acid
	Ethanol
	DMF
	DMSO
	Water

	βx
	76.7636
	173.4901
	177.5463
	184.9257
	185.4881
	185.5127
	83.0876

	βy
	-87.2752
	-224.2531
	-240.4815
	71.3396
	-286.2781
	-288.0864
	273.9023

	βz
	57.6274
	83.6470
	85.2293
	88.1287
	88.4319
	88.5943
	184.1473

	βtotal
	1.48
	2.55
	2.69
	1.87
	3.04
	3.06
	2.94



4. Thermodynamic Properties
Total contribution of the electronic, translational, rotational and vibrational energies to the entropy (S) and heat capacity (Cv) as well as the rotational constants and zero-point vibrational energies (ZPVE) of Iopamidol in the gas phase and in different solvents were presented in Table 4. 

Table 4: Thermodynamic properties of the optimized Iopamidol molecule in the gas phase and different solvents.
	Positions
	Vibrational
	Total
	Rotational
	Vibrational
	Total

	
	Cv
	S

	Gas
	117.731
	123.692
	38.531
	155.952
	240.311

	Chloroform
	117.758
	123.720
	38.536
	151.624
	235.989

	Acetic acid
	117.751
	123.713
	38.536
	150.823
	235.189

	Ethanol
	117.760
	123.722
	38.536
	150.384
	234.749

	DMF
	117.764
	123.726
	38.536
	150.414
	234.779

	DMSO
	117.766
	123.728
	38.536
	150.426
	234.791

	Water
	117.769      
	123.731
	38.536
	150.453
	234.818

	
	Rotational Constants  (GHz)
	ZPVE (Kcal/Mol)

	Gas
	0.08199
	0.06561
	0.04052
	249.87778

	Chloroform
	0.08118
	0.06626
	0.04031
	249.85006

	Acetic acid
	0.08114
	0.06629
	0.04030
	249.86599

	Ethanol
	0.08109
	0.06635
	0.04029
	249.84713

	DMF
	0.08109
	0.06636
	0.04029
	249.84051

	DMSO
	0.08109
	0.06636
	0.04029
	249.83742

	Water
	0.08108     
	0.06637     
	0.04029
	249.83212

	For Cv Electronic: 0.000, Translational: 2.981, Rotational: 2.981
For S Electronic: 0.000, Translational: 45.829



It can be observed in Table 4 that specific heat capacity of Iopamidol was found to increase with an increase in the polarity of the solvent except in acetic acid solution. The highest entropy value of 240.311 cal/mol was found in gas phase followed by 235.989, 235.189, 234.749 cal/mol in chloroform, acetic acid, ethanol solution. It was observed that as the dielectric constant of the solvents was increased from chloroform to water the entropy was found to be slightly decreased, while, entropy was found to increase slightly in DMF, DMSO, water. The zero-point vibrational energy (ZPVE) decreases except in acetic acid solution with the increase of dielectric constant. 
On the basis of vibrational analysis at B3LYP/LANL2DZ level, the standard statistical thermodynamic functions: heat capacity (C0P,m), entropy (S0m), and enthalphy changes (H0m),
 for the Iopamidol are obtained from the theoretical harmonic frequencies in gas and solvent phases and presented in Figure 3. It can be observed that these thermodynamic functions are increasing with temperature ranging from 200 to 1000 K because of that molecular vibrational intensities increase with temperature.36
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Figure 3: Correlation graph of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule

Table 5, demonstrate the correlation of heat capacity at constant pressure, entropy, enthalpy respectively, for the methods of DFT/LANL2DZ level. The correlation equations between heat capacities, entropies, enthalpy changes and temperatures were fitted by quadratic formulas, and the corresponding fitting factors (R2) for these thermodynamic properties are 0.9996, 0.9997 and 0.9998 respectively for gas phase; 0.9996, 0.9999, 0.9998 respectively for chloroform. All the thermodynamic data supply helpful information for the further study on the Iopamidol. All thermodynamic calculations were done in gas phase in solution such as chloroform, acetic acid, ethanol, DMF, DMSO, water.

Table 5: Correlation of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule
	Iopamidol
	
	
	

	Gas
	C = -0.0002T2 + 0.3841T + 28.257
R² = 0.9996
	S = -0.0001T2 + 0.5054T + 106.3
R² = 0.9997
	H = 9E-05T2 + 0.0865T - 9.6639
R² = 0.9998

	Chloroform
	C = -0.0002T2 + 0.3846T + 28.184
R² = 0.9996
	S = -0.0001T2 + 0.5085T + 101.17
R² = 0.9999
	H = 9E-05T2 + 0.0866T - 9.7776
R² = 0.9998

	Acetic acid
	C = -0.0001T2 + 0.3412T + 41.995
R² = 0.996
	S= -9E-05T2 + 0.44T + 122.2
R² = 0.9977
	H = 0.0001T2 + 0.0712T - 4.8992
R² = 0.999

	Ethanol
	C = -0.0002T2 + 0.362T + 31.162
R² = 0.9997
	S = -0.0001T2 + 0.4743T + 105.21
R² = 0.9999
	H = 6E-05T2 + 0.1283T - 14.295
R² = 0.999

	DMF
	C = -0.0002T2 + 0.3847T + 28.152
R² = 0.9996
	S = -0.0001T2 + 0.5086T + 99.937
R² = 0.9999
	H = 9E-05T2 + 0.0867T - 9.8173
R² = 0.9998

	DMSO
	C = -0.0002T2 + 0.4077T + 19.679
R² = 0.9988
	S = -0.0001T2 + 0.5129T + 98.095
R² = 0.9999
	H = 8E-05T2 + 0.1063T - 14.192
R² = 0.9997

	Water
	C = -0.0002T2 + 0.3917T + 26.68
R² = 0.9997
	S = -0.0001 T 2 + 0.5086 T + 99.973
R² = 0.9999
	H = 9E-05T2 + 0.0828T - 9.2518
R² = 0.9998



The net atomic charges of the Iopamidol contrast agent in various solvents using the Mulliken Population Analysis (MPA) method were given in Table 6. MPA values in different solvents were evidence of charge transfer and polarization.37. The significant influences of the solvents on the atomic charges are observed from the calculation. As seen from the Table 6, the atomic charges increases with the increase of solvent polarity from acetone to water.

Table 6: Atomic charges (e) of Iopamidol in various solvents.
	
	Gas
	Chloroform
	Acetic acid
	Ethanol
	DMF
	DMSO
	Water

	I1
	0.1672
	0.1899
	0.1919
	0.1970
	0.1976
	0.1978
	0.1982

	I2
	0.1792
	0.1868
	0.1878
	0.1904
	0.1907
	0.1909
	0.1911

	I3
	0.1704
	0.1910
	0.1927
	0.1967
	0.1972
	0.1974
	0.1977

	O4
	-0.5147
	-0.5337
	-0.5353
	-0.5390
	-0.5394
	-0.5396
	-0.5398

	O5
	-0.4972
	-0.5264
	-0.5290
	-0.5352
	-0.5359
	-0.5363
	-0.5367

	O6
	-0.4761
	-0.5177
	-0.5210
	-0.5290
	-0.5299
	-0.5303
	-0.5309

	O7
	-0.5135
	-0.5409
	-0.5428
	-0.5473
	-0.5479
	-0.5481
	-0.5484

	O8
	-0.3082
	-0.3494
	-0.3529
	-0.3616
	-0.3626
	-0.3630
	-0.3636

	O9
	-0.2577
	-0.3129
	-0.3176
	-0.3290
	-0.3303
	-0.3309
	-0.3317

	O10
	-0.5047
	-0.5291
	-0.5307
	-0.5343
	-0.5347
	-0.5348
	-0.5351

	O11
	-0.2612
	-0.3174
	-0.3220
	-0.3330
	-0.3343
	-0.3349
	-0.3357

	N12
	-0.3366
	-0.3298
	-0.3293
	-0.3280
	-0.3278
	-0.3278
	-0.3277

	N13
	-0.3473
	-0.3406
	-0.3397
	-0.3376
	-0.3373
	-0.3372
	-0.3371

	N14
	-0.5198
	-0.5101
	-0.5092
	-0.5068
	-0.5065
	-0.5064
	-0.5062

	C15
	-0.0146
	-0.0257
	-0.0260
	-0.0269
	-0.0270
	-0.0271
	-0.0271

	C16
	0.0357
	0.0366
	0.0364
	0.0358
	0.0357
	0.0356
	0.0356

	C17
	0.5775
	0.5957
	0.5971
	0.6001
	0.6004
	0.6005
	0.6007

	C18
	0.5511
	0.5666
	0.5679
	0.5710
	0.5714
	0.5715
	0.5718

	C19
	-0.7531
	-0.7667
	-0.7680
	-0.7711
	-0.7715
	-0.7717
	-0.7719

	C20
	0.8067
	0.8134
	0.8139
	0.8153
	0.8155
	0.8155
	0.8156

	C21
	-0.7098
	-0.7287
	-0.7303
	-0.7343
	-0.7348
	-0.7350
	-0.7353

	C22
	-0.7149
	-0.7283
	-0.7296
	-0.7325
	-0.7328
	-0.7330
	-0.7332

	C23
	0.0686
	0.0731
	0.0730
	0.0728
	0.0727
	0.0727
	0.0727

	C24
	0.0766
	0.0598
	0.0581
	0.0542
	0.0537
	0.0536
	0.0533

	C25
	-0.2631
	-0.2597
	-0.2593
	-0.2584
	-0.2583
	-0.2582
	-0.2582

	C26
	-0.3147
	-0.3286
	-0.3296
	-0.3320
	-0.3323
	-0.3324
	-0.3326

	C27
	-0.2881
	-0.2751
	-0.2745
	-0.2733
	-0.2731
	-0.2731
	-0.2730

	C28
	-0.3175
	-0.3158
	-0.3153
	-0.3138
	-0.3136
	-0.3135
	-0.3134

	C29
	0.2109
	0.2167
	0.2170
	0.2173
	0.2173
	0.2174
	0.2174

	C30
	-0.1075
	-0.1010
	-0.1004
	-0.0989
	-0.0987
	-0.0987
	-0.0985

	C31
	-0.6691
	-0.6689
	-0.6688
	-0.6686
	-0.6685
	-0.6685
	-0.6685



All carbon atoms making bond with iodine atom in the benzene ring have negative charge and the negative charge of the carbon atom bonded iodine atom increase with the increase of polarity of the solvent. The charge of C19 atom of Iopamidol in gas, chloroform, acetic acid, ethanol, DMF, DMSO and water phases is -0.7531, -0.7667, -0.7680, -0.7711, -0.7715, -0.7717, -0.7719 ē. The rest of the carbon atoms in the benzene ring have positive excess charges accumulation and the positive charge of the carbon atom in the benzene ring increase with the increase of polarity of the solvent. The charges of nitrogen atoms are negative and negative value of the charge decreases with the increase of polarity of the solvent. The charge of N12 atom of Iopamidol in gas, chloroform, acetic acid, ethanol, DMF, DMSO and water phase is -0.3366, -0.3298, -0.3293, -0.3280, -0.3278, -0.3278, -0.3277 ē. The charge of N13 atom is -0.3473, -0.3406, -0.3397, -0.3376, -0.3373, -0.3372, -0.3371 ē. All oxygen atoms belonging to hydroxyl group and carbonyl group for Iopamidol have neagative charge, and the negative charge of the both oxygen atoms increase with the increase of polarity of the solvent.
Selected second-order perturbation energies (E (2) kcal/mol) with values greater than 5 kcal/mol 
for Iopamidol in gas phase were presented in Table 7, and Table 8 includes only energies for the other studied solvents and gas phase. The energies for the interaction LP3(I1) → π*(C18-C19), LP3(I2) → π*(C20-C21) and LP3(I3) → π* (C17-C22) 7.31, 7.83 and 7.81 kcalmol-1, respectively demonstrate the intramolecular hyperconjugative interaction between the iodine atoms and benzene ring in the ground state for Iopamidol in gas phase.
The interaction energy from the I1 electron pairs corresponds to conjugation with the antibonding molecular orbitals of the neighboring C20-C21 whereas, these interaction energies correspond to conjugation with the antibonding molecular orbitals of the neighboring LP3(I1) → π*C17-C19 with the stabilization energy 7.41, 7.42, 7.43 kcal/mol in chloroform, acetic acid and ethanol, respectively, and 7.44 kcal/mol in DMF, DMSO, water. The interaction LP3(I2) → π*(C20-C21) in gas phase shifted to LP3(I2) → π*(C18-C21) in studied solvents and LP3(I3) → π*(C17-C22) was shifted to LP3(I3) → π*(C20-C22) in studied solvents. The stabilization energy for the interaction LP1(O8) → (N12-C23) and LP2(O8) → ( O5-H47) increases with the increase of the dielectric constant of the solvent whereas the stabilization energy for the interaction  LP2(O8) → (N12-C23) and LP2(O8) → ( C17-C23) decreases with the increase of the dielectric constant of the solvent.                                                  

Table  7: Selected second-order perturbation energy (E (2) kcal/mol) with values greater than 5 kcal/mol for Iopamidol in gas phase.
	Donor (i)
	Type
	Occupancy
	ED(j)
	Acceptor
	Type
	Occupancy
	ED(j
	E(2) kcal/mol
	E(j)-E(i)
a.u
	F(i,j) a.u

	I1-C19
	
	1.96717
	-0.51638
	C17-C22
	
	0.03815
	0.49487
	7.06
	1.01
	0.076

	I1-C19
	
	1.96717
	-0.51638
	C18-C21
	
	0.03801
	0.49722
	7.07
	1.01
	0.076

	I2-C21
	
	1.96493
	-0.51249
	C18-C19
	
	0.03872
	0.49319
	7.15
	1.01
	0.076

	I2-C21
	
	1.96493
	-0.51249
	C20-C22
	
	0.04621
	0.48736
	7.12
	1.00
	0.076

	I3-C22
	
	1.96527
	-0.51469
	C17-C19
	
	0.03909
	0.49032
	7.11
	1.01
	0.076

	I3-C22
	
	1.96527
	-0.51469
	C20-C21
	
	0.04656
	0.48834
	7.13
	1.00
	0.076

	C17-C22
	π
	1.67185
	-0.74673
	C18-C19
	π *
	0.39117
	-0.00725
	18.95
	0.29
	0.067

	C17-C22
	π
	1.67185
	-0.74673
	C20-C21
	π *
	0.39095
	-0.00959
	22.39
	0.29
	0.073

	C17-C23
	σ
	1.95767
	-0.66596
	N12-C15
	σ*
	0.04508
	0.28315
	6.51
	0.95
	0.070

	C18-C19
	π
	1.67060
	-0.29565
	C17-C22
	π *
	0.39611
	-0.00844
	23.39
	0.29
	0.074

	C18-C19
	π
	1.67060
	-0.29565
	C20-C21
	π *
	0.39095
	-0.00959
	19.16
	0.29
	0.067

	C20-C21
	π
	1.65835
	-0.29446
	C17-C22
	π *
	0.39611
	-0.00844
	19.73
	0.29
	0.068

	C20-C21
	π
	1.65835
	-0.29446
	C18-C19
	π *
	0.39117
	-0.00725
	23.60
	0.29
	0.074

	C26-H39
	σ
	1.97461
	-0.50879
	N12-C15
	σ*
	0.04508
	0.28315
	6.30
	0.79
	0.063

	I1
	LP3
	1.94231
	-0.27742
	C18-C19
	π 
	0.39117
	-0.00725
	7.31
	0.27
	0.043

	I2
	LP3
	1.93293
	-0.26730
	C20-C21
	π 
	0.39095
	-0.00959
	7.83
	0.26
	0.044

	I3
	LP3
	1.93545
	-0.27219
	C17-C22
	π*
	0.39611
	-0.00844
	7.81
	0.26
	0.044

	O4
	LP2
	1.97269
	-0.31665
	C25-H37
	σ*
	0.02134
	0.45353
	6.08
	0.77
	0.061

	O5
	LP2
	1.95767
	-0.27389
	C15-C26
	
	0.03611
	0.33506
	8.67
	0.61
	0.065

	O6
	LP2
	1.96906
	-0.57967
	C27-H41
	
	0.02357
	0.44858
	6.83
	0.75
	0.064

	O7
	LP2
	1.97114
	-0.31412
	C28-H42
	
	0.02221
	0.44287
	6.05
	0.76
	0.061

	O8
	LP1
	1.96148
	-0.67446
	N12-C23
	
	0.06954
	0.42301
	5.35
	1.10
	0.069

	O8
	LP2
	1.86415
	-0.29057
	O5-H47
	
	0.03926
	0.44915
	9.35
	0.74
	0.076

	O8
	LP2
	1.86415
	-0.29057
	N12-C23
	
	0.06954
	0.42301
	16.06
	0.71
	0.097

	O8
	LP2
	1.86415
	-0.29057
	C17-C23
	
	0.06831
	0.35615
	18.75
	0.65
	0.100

	O9
	LP2
	1.86542
	-0.25360
	N13-C24
	
	0.07259
	0.42608
	21.11
	0.68
	0.109

	O9
	LP2
	1.86542
	-0.25360
	C18-C24
	
	0.07486
	0.35976
	19.38
	0.61
	0.099

	O11
	LP2
	1.87731
	-0.25037
	N14-C29
	
	0.07966
	0.41160
	23.83
	0.66
	0.113

	O11
	LP2
	1.87731
	-0.25037
	C29-C30
	
	0.08219
	0.33581
	19.06
	0.59
	0.095

	N12
	LP1
	1.65078
	-0.27471
	O8-C23
	σ*
	0.20853
	0.18886
	24.37
	0.46
	0.098

	N12
	LP1
	1.65078
	-0.27471
	O8-C23
	π
	0.17216
	0.23265
	12.69
	0.51
	0.075

	N12
	LP1
	1.65078
	-0.27471
	C15-C25
	
	0.03164
	0.33582
	6.06
	0.61
	0.059

	N13
	LP1
	1.66817
	-0.26134
	O9-C24
	
	0.25871
	0.09976
	39.60
	0.36
	0.109

	N13
	LP1
	1.66817
	-0.26134
	C16-C28
	
	0.02823
	0.33925
	5.63
	0.60
	0.056

	N14
	LP1
	1.66817
	-0.26134
	O11-C29
	π
	0.21432
	0.10625
	33.67
	0.38
	0.103

	N14
	LP1
	1.66817
	-0.26134
	C20-C21
	
	0.04656
	0.48834
	6.91
	0.76
	0.069

	N14
	LP1
	1.66817
	-0.26134
	C20-C22
	
	0.04621
	0.48736
	7.28
	0.76
	0.071



Table  8: Interaction energies of Iopamidol in gas phase and in different solvents.
	Donor
	Type
	Acceptor
	Type
	Gas
	Chloroform
	Acetic Acid
	Ethanol
	DMF
	DMSO
	Water

	
	
	
	
	E(2) kcal/mol

	I1-C19
	
	C17-C22
	
	7.06    
	7.10    
	7.11    
	7.12    
	7.12    
	7.12    
	7.12    

	I1-C19
	
	C18-C21
	
	7.07    
	7.05    
	7.05    
	7.06    
	7.06    
	7.06    
	7.06    

	I2-C21
	
	C18-C19 
	
	7.15    
	7.16    
	7.16    
	7.16    
	7.17    
	7.17    
	7.17    

	I2-C21
	
	C20-C22
	
	7.12    
	7.19    
	7.19    
	7.21    
	7.21    
	7.21    
	7.21    

	I3-C22
	
	C17-C19 
	
	7.11    
	7.17    
	7.39    
	7.19    
	7.19    
	7.19    
	7.19    

	I3-C22
	
	C20-C21
	
	7.13  
	7.21    
	7.22    
	7.23    
	7.24    
	7.24    
	7.24    

	N12-H34        
	
	O8-C23
	π*
	
	6.05    
	6.09    
	6.18    
	5.46    
	6.19    
	6.20    

	N13-H35        
	
	O9-C24
	π*
	
	5.37    
	5.39    
	5.46
	5.74    
	5.47    
	5.47    

	C15-H32       
	
	N12-C23
	
	
	
	5.69
	5.73
	
	5.74    
	5.74    

	C17-C19
	π
	C18-C21
	π *
	
	22.60    
	22.58    
	22.53
	22.53    
	22.53    
	22.52    

	C17-C19
	π
	C20-C22
	π *
	
	19.17    
	19.17    
	19.17
	19.17    
	19.17    
	19.17    

	C17-C22
	π
	C18-C19
	π *
	18.95    
	
	
	
	
	
	

	C17-C22
	π
	C20-C21
	π *
	22.39    
	
	
	
	
	
	

	C17-C23
	σ
	N12-C15 
	σ*
	6.51    
	6.34    
	6.34
	6.33
	6.33    
	6.33
	8.33

	C18-C19
	π
	C17-C22
	π *
	23.39    
	
	
	
	
	
	

	C18-C19
	π
	C20-C21
	π *
	19.16    
	
	
	
	
	
	

	C18-C21
	π
	C17-C19
	π *
	
	19.64    
	19.64    
	19.63
	19.63    
	19.63    
	19.63    

	C18-C21
	π
	C20-C22
	π *
	
	22.71    
	22.67    
	22.60
	22.59    
	22.59    
	22.58    

	C18-C24
	σ
	N13-C16
	σ*
	
	6.25    
	6.26    
	6.29
	6.30    
	6.30    
	6.30    

	C20-C21
	π 
	C17-C22
	π *
	19.73    
	
	
	
	
	
	

	C20-C21
	π 
	C17-C19
	π *
	23.60    
	
	23.53    
	23.53
	23.53    
	23.53    
	23.53    

	C20-C22
	π 
	C18-C21
	π *
	
	23.53    
	19.52    
	19.61
	19.62    
	19.62    
	19.63    

	C20-C22
	π 
	C18-C19
	π *
	
	19.48    
	
	
	
	
	

	C25-H37
	σ
	N12-C15 
	σ*
	
	
	5.34    
	5.36
	
	5.36    
	5.36    

	C26-H39
	σ
	N12-C15 
	σ*
	6.30    
	
	5.97    
	5.96
	5.96    
	5.96    
	5.96    

	C27-H41
	σ
	N13-C16
	σ*
	
	
	5.15    
	5.20
	5.20
	5.21    
	5.21    

	C29-H30
	σ
	N13-C16
	σ*
	
	
	6.91    
	6.94
	6.95
	6.95    
	6.95    

	C31-H52
	σ
	O10-C30
	σ*
	
	5.66    
	5.65    
	5.63
	5.63
	5.63    
	5.63    

	I1 
	LP3
	C17-C19
	π 
	
	7.41    
	7.42    
	7.43
	7.44
	7.44    
	7.44    

	I1 
	LP3
	C18-C19
	π 
	7.31    
	
	
	
	
	
	

	I2 
	LP3
	C18-C21
	π 
	
	7.90   
	7.90    
	7.90
	7.90    
	7.90
	7.90

	I2 
	LP3
	C20-C21
	π 
	7.83    
	
	
	
	
	
	

	I3 
	LP3
	C17-C22
	π*
	7.81    
	
	
	
	
	
	

	I3 
	LP3
	C20-C22
	π*
	
	7.65   
	7.66    
	7.69
	7.69
	7.69
	7.69    

	O4        
	LP2
	C25-H37 
	σ*
	6.08    
	6.16    
	6.16    
	6.16
	6.16
	6.16    
	6.16    

	O5         
	LP2
	C15-C26
	
	8.67    
	7.48    
	7.39    
	7.19
	7.17    
	7.16    
	7.15    

	O5         
	LP2
	C26-H38
	
	
	
	
	5.00
	5.00    
	5.01    
	5.01    

	O6         
	LP2
	C27-H41
	
	6.83    
	6.31    
	
	6.13
	6.11    
	 6.11    
	6.10    

	O7
	LP2
	C28-H42
	
	6.05    
	5.85    
	5.83    
	5.79
	5.78    
	5.78    
	5.78    

	O8        
	LP1
	O5-C37
	
	
	5.82   
	5.86    
	5.95
	5.96    
	5.96    
	5.97    

	O8        
	LP1
	N12-C23
	
	5.35    
	5.99    
	6.04    
	6.16
	6.18    
	6.18    
	6.19

	O8        
	LP2
	O5-H47
	
	9.35    
	14.20    
	14.52    
	15.38
	15.48    
	15.52    
	15.59    

	O8         
	LP2
	N12-C23
	
	16.06    
	13.76    
	13.59    
	13.17
	13.12
	13.10    
	13.06    

	O8         
	LP2
	C17-C23
	
	18.75    
	18.21    
	18.14    
	17.97
	17.95
	17.94    
	17.93

	O9         
	LP2
	N13-C24
	
	21.11    
	20.05    
	19.96    
	19.74    
	19.72    
	19.71    
	19.69    

	O9         
	LP2
	C18-C24
	
	19.38    
	18.35    
	18.26    
	18.05    
	18.03    
	18.02    
	18.00    

	O10         
	LP2
	C29-C30
	
	   
	6.12    
	6.14    
	6.19    
	6.20    
	6.20    
	6.21    

	O11         
	LP2
	N14-C29
	
	23.83    
	22.61    
	22.51    
	22.27    
	22.24    
	22.23    
	22.21    

	O11         
	LP2
	C29-C30
	
	19.06    
	18.02    
	17.93    
	17.72    
	17.70    
	17.69    
	17.67    

	N12         
	LP1
	O8-C23
	σ*
	24.37    
	72.52    
	75.67    
	82.43    
	83.14    
	83.44    
	83.90    

	N12         
	LP1
	O8-C23
	π
	12.69    
	
	
	
	
	
	

	N12         
	LP1
	C15-C25
	
	6.06    
	6.80    
	6.78    
	   6.74    
	6.73
	6.73    
	6.72    

	N13         
	LP1
	O9-C24
	
	39.60    
	81.88    
	83.09    
	85.07    
	85.29    
	85.37    
	85.50    

	N13  
	LP1
	C16-C27
	
	
	5.62    
	5.65    
	5.67    
	5.67    
	5.68    
	5.68    

	N13  
	LP1
	C16-C28
	
	5.63  
	   
	
	
	
	
	

	N14         
	LP1
	O11-C29
	
	
	15.95    
	17.47    
	21.64    
	22.15    
	22.37    
	22.73    

	N14         
	LP1
	O11-C29
	π
	33.67    
	16.10    
	14.84    
	12.02    
	11.73    
	11.61    
	11.41    

	N14         
	LP1
	C20-C21
	
	6.91    
	7.02    
	7.02    
	7.04    
	7.04
	7.04    
	7.04    

	N14         
	LP1
	C20-C22
	
	7.28    
	7.24    
	7.23    
	7.21
	7.21    
	7.21    
	7.21    



5. Conclusions
The ground state molecular geometries, polarizability, anisotropic polarizability, hyperpolarizability and frontier orbital energies of Iopamidol were theoretically investigated in gas, chloroform, acetic acid, ethanol, DMF, DMSO and water phase to understand the structure–property relationship of the molecular structure of Iopamidol in terms of solvent effects.
From the obtained results by using the DFT calculations, it was obtained that the dipole moment, electrophilicity index, polarizability and first order hyperpolarizability of Iopamidol were gradually increased with the increase of dielectric constant of the solvent.
Likewise, the largest HOMO-LUMO gap was found in water solvent and this means higher kinetic stability and less chemical reactivity with increase polarity of solvents. Therefore, quantum chemical calculations aid the understanding of the structure– property relationship of molecules. 
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LUMO+5	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-0.40980669600000003	-0.40980669600000003	-0.64246587599999994	-0.64246587599999994	-0.66	-0.66	-0.69498426400000002	-0.69498426400000002	-0.69906600400000007	-0.69906600400000007	-0.70097081600000011	-0.70097081600000011	-0.703691976	-0.703691976	LUMO+4	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-0.95322234799999994	-0.95322234799999994	-1.062885096	-1.062885096	-1.07077646	-1.07077646	-1.0909130440000001	-1.0909130440000001	-1.0933620880000001	-1.0933620880000001	-1.0941784360000002	-1.0941784360000002	-1.0958111320000001	-1.0958111320000001	LUMO+3	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-1.1211179200000001	-1.1211179200000001	-1.2169027520000002	-1.2169027520000002	-1.2239777679999999	-1.2239777679999999	-1.2422095400000002	-1.2422095400000002	-1.2446585840000002	-1.2446585840000002	-1.245474932	-1.245474932	-1.2468355120000001	-1.2468355120000001	LUMO+2	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-1.4628956160000002	-1.4628956160000002	-1.614192112	-1.614192112	-1.626165216	-1.626165216	-1.6555537439999999	-1.6555537439999999	-1.6590912520000001	-1.6590912520000001	-1.6604518319999999	-1.6604518319999999	-1.6629008759999999	-1.6629008759999999	LUMO+1	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-1.5067062920000001	-1.5067062920000001	-1.6403152480000001	-1.6403152480000001	-1.6509277720000002	-1.6509277720000002	-1.677050908	-1.677050908	-1.6803163000000001	-1.6803163000000001	-1.6816768800000002	-1.6816768800000002	-1.6838538080000001	-1.6838538080000001	LUMO	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-2.186179944	-2.186179944	-2.263460888	-2.263460888	-2.2686310920000001	-2.2686310920000001	-2.2814205439999999	-2.2814205439999999	-2.2830532400000001	-2.2830532400000001	-2.2835974719999999	-2.2835974719999999	-2.2846859360000003	-2.2846859360000003	HOMO	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-6.8039884639999997	-6.8039884639999997	-7.0083475800000006	-7.0083475800000006	-7.0224976120000004	-7.0224976120000004	-7.0554236480000005	-7.0554236480000005	-7.0589611559999996	-7.0589611559999996	-7.0605938519999993	-7.0605938519999993	-7.0630428960000007	-7.0630428960000007	HOMO-1	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-6.8464385600000002	-6.8464385600000002	-7.0309332080000004	-7.0309332080000004	-7.0450832400000003	-7.0450832400000003	-7.0790977399999999	-7.0790977399999999	-7.0831794799999992	-7.0831794799999992	-7.0848121759999998	-7.0848121759999998	-7.0875333360000008	-7.0875333360000008	HOMO-2	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-6.9501147560000005	-6.9501147560000005	-7.1825018200000006	-7.1825018200000006	-7.1991008960000009	-7.1991008960000009	-7.237741368	-7.237741368	-7.2423673400000004	-7.2423673400000004	-7.2442721520000006	-7.2442721520000006	-7.2469933119999999	-7.2469933119999999	HOMO-3	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-6.9849456039999991	-6.9849456039999991	-7.2589664159999998	-7.2589664159999998	-7.2810078119999995	-7.2810078119999995	-7.3220973279999999	-7.3220973279999999	-7.3264511839999997	-7.3264511839999997	-7.3280838799999994	-7.3280838799999994	-7.3310771560000001	-7.3310771560000001	HOMO-4	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-7.0959689319999999	-7.0959689319999999	-7.2788308840000004	-7.2788308840000004	-7.2957020760000004	-7.2957020760000004	-7.347404115999999	-7.347404115999999	-7.3539348999999996	-7.3539348999999996	-7.3566560599999997	-7.3566560599999997	-7.3610099159999995	-7.3610099159999995	HOMO-5	gas	chloroform	aceticacid	ethanol	DMF	DMSO	water	-7.1577392639999999	-7.1577392639999999	-7.3923032560000008	-7.3923032560000008	-7.4113513759999998	-7.4113513759999998	-7.4584274439999998	-7.4584274439999998	-7.463869764	-7.463869764	-7.4663188080000005	-7.4663188080000005	-7.4698563159999996	-7.4698563159999996	
Molecular Orbitals (eV)



(a)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	97.730999999999995	112.846	127.77	142.167	155.65100000000001	167.99199999999999	179.126	189.10499999999999	198.036	206.04499999999999	213.25200000000001	219.767	225.73599999999999	231.07	235.999	240.52	244.67699999999999	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	199.85300000000001	223.73099999999999	245.99100000000001	267.084	287.22500000000002	306.51600000000002	325.012	342.75099999999998	359.76799999999997	376.101	391.786	406.86200000000002	417.10199999999998	435.33199999999999	448.79399999999998	461.78500000000003	474.33100000000002	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.494351610000001	17.85830709	23.974647059999999	30.825801240000001	38.374746539999997	46.570027140000001	55.352657100000002	64.662395459999999	74.444021340000006	84.649216469999999	95.234055150000003	106.16151429999999	117.31864210000001	128.9194195	140.69778220000001	152.71146110000001	164.94225850000001	Temperature, K

Thermodynamical functions 

(b)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	97.730999999999995	112.846	127.77	142.167	155.65100000000001	167.99199999999999	179.126	189.10499999999999	198.036	206.04499999999999	213.25200000000001	219.767	225.73599999999999	231.07	235.999	240.52	244.67699999999999	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	199.85300000000001	223.73099999999999	245.99100000000001	267.084	287.22500000000002	306.51600000000002	325.012	342.75099999999998	359.76799999999997	376.101	391.786	406.86200000000002	417.10199999999998	435.33199999999999	448.79399999999998	461.78500000000003	474.33100000000002	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.407127719999972	17.771083199999971	23.888050679999992	30.740459879999985	38.292542729999994	46.490960879999989	55.276100880000001	64.589604299999976	74.374995240000004	84.583327919999974	95.171304149999997	106.10190083999997	117.34311497999997	128.86545359999997	140.64632634	152.66251532999999	164.89519526999999	Temperature, K

Thermodynamical functions 

(c)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	112.848	112.846	127.794	142.209	155.70699999999999	168.05699999999999	179.197	189.178	198.10900000000001	206.11500000000001	213.32	219.83099999999999	225.74	231.126	236.05099999999999	240.56899999999999	244.72399999999999	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	218.63499999999999	218.63399999999999	240.89699999999999	261.995	282.14299999999997	301.44099999999997	319.94499999999999	337.69	354.714	371.05200000000002	386.74200000000002	401.82299999999998	416.33	430.3	443.76600000000002	456.75900000000001	469.30700000000002	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	17.750375370000004	17.750375370000004	23.867342850000025	30.719752050000015	38.271207390000008	46.470253050000025	55.255393049999995	64.568896470000013	74.354914920000027	84.563247599999997	95.151851340000022	106.08244803000001	117.32366216999999	128.84662829999999	140.62687353000004	152.64369003000004	164.87699748	Temperature, K

Thermodynamical functions 

(d)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	97.697999999999993	112.851	124.248	138.26300000000001	151.52000000000001	163.767	174.90199999999999	184.94	193.96299999999999	202.07599999999999	209.393	216.017	222.03800000000001	227.53100000000001	232.56200000000001	237.18299999999999	241.44	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	194.286	218.161	235.524	256.04300000000001	275.64600000000002	294.44499999999999	312.495	329.83300000000003	346.49200000000002	362.50299999999999	377.89800000000002	392.71100000000001	406.976	420.72500000000002	433.988	446.79500000000002	459.173	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.370732140000007	17.734687620000006	33.239204700000009	39.903988410000004	47.251503000000021	55.237822770000015	63.808354350000016	72.908504369999989	82.48430697000002	92.48807139000003	102.87712695000003	113.61445056000002	124.66803920999999	136.00839992999997	147.61168734	159.4565661	171.52295589000002	Temperature, K

Thermodynamical functions 

(e)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	97.703000000000003	112.85599999999999	127.80800000000001	142.227	155.727	168.078	179.21799999999999	189.19900000000001	198.12899999999999	206.13499999999999	213.33799999999999	219.84800000000001	225.75700000000001	231.142	236.066	240.583	244.73699999999999	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	194.31299999999999	218.19	240.45400000000001	261.55399999999997	281.70499999999998	301.00599999999997	319.51100000000002	337.25900000000001	354.28399999999999	370.62400000000002	386.315	401.39699999999999	415.90600000000001	429.87700000000001	443.34300000000002	456.33699999999999	468.88600000000002	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.371987160000007	17.735942640000008	23.852910119999994	30.706574339999985	38.259284699999981	46.458330359999991	55.245352889999985	64.560111329999998	74.346757289999971	84.556344989999971	95.145576240000025	106.07680044000001	117.31864209000003	128.84286324000001	140.62436349000001	152.64117998999998	164.87511494999995	Temperature, K

Thermodynamical functions 

(f)
Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	94.328999999999994	108.992	123.479	137.49799999999999	155.72999999999999	168.08099999999999	179.221	189.202	198.13200000000001	206.137	213.34	219.85	225.75899999999999	231.143	236.06800000000001	240.584	244.738	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	194.249	217.31899999999999	238.83799999999999	259.24	281.72300000000001	301.024	319.52999999999997	337.27800000000002	354.30399999999997	370.64400000000001	386.33499999999998	401.41699999999997	415.92599999999999	429.89699999999999	443.36399999999998	456.35700000000003	468.90699999999998	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.371987160000007	17.735942640000008	23.852910119999994	30.706574339999985	38.259284699999981	46.458330359999991	55.245352889999985	64.560111329999998	74.346757289999971	84.556344989999971	95.145576240000025	106.07680044000001	117.31864209000003	128.84286324000001	140.62436349000001	152.64117998999998	164.87511494999995	Temperature, K

Thermodynamical functions 

Heat Capacity	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	97.712000000000003	112.864	127.815	142.233	155.733	168.084	179.22399999999999	189.20400000000001	198.13399999999999	206.13900000000001	213.34200000000001	219.852	225.76	231.14500000000001	236.06899999999999	240.58600000000001	244.739	Entropy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	194.35400000000001	218.232	240.499	261.60000000000002	281.75099999999998	301.053	319.55900000000003	337.30700000000002	354.33300000000003	370.673	386.36500000000001	401.447	415.95600000000002	429.92700000000002	443.39400000000001	456.387	468.93700000000001	Enthalpy	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	12.129140789999999	17.310490860000002	22.894074839999998	29.846258129999999	37.152984570000001	45.092868600000003	53.610061829999999	62.648088360000003	72.154237350000002	82.080818039999997	92.386414770000002	103.03400449999999	113.9915841	125.2315432	136.7306639	148.46572850000001	160.41853889999999	Temperature, K

Thermodynamical functions 
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